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ABSTRACT

BACKGROUND/MAIN OBJECTIVES: No effective strategy exists to treat the well-recognized, devastating impact of traumatic brain injury
(TBI) and chronic traumatic encephalopathy (CTE), which is the brain degeneration likely caused by repeated head trauma. The goals of this
project were (1) to study the effects of single and recurrent TBI (rTBI) on Drosophila melanogaster’s (a) life span, (b) response to sedatives,
and (c) behavioral responses to light and gravity and (2) to determine whether therapeutic hypothermia can mitigate the deleterious effects
of TBI.

METHODS: Five experimental groups were created: (1) control, (2) single TBI or concussion; (3) concussion + hypothermia, (4) rTBI, and (5)
rTBI + hypothermia. A “high-impact trauma” (HIT) device was built, which used a spring-based mechanism to propel flies against the wall of
a vial, causing mechanical damage to the brain. Hypothermia groups were cooled to 15°C for 3minutes. Group differences were analyzed
with chi-square tests for the categorical variables and with ANOVA tests for the continuous variables.

RESULTS: Survival curve analysis showed that rTBI can decrease Drosophila lifespan and hypothermia diminished this impact. Average
sedation time for control vs concussion vs concussion + hypothermia was 78 vs 52 vs 61seconds (P<.0001). Similarly, rTBI vs rTBI/hypo-
thermia groups took 43 vs 59seconds (P<.0001). Concussed flies preferred dark environments compared with control flies (risk ratio 3.3,
P<.01) while flies who were concussed and cooled had a risk ratio of 2.7 (P<.01). Flies with rTBI were almost 4 times likely to prefer the dark
environment but only 3 times as likely if they were cooled, compared with controls. Geotaxis was significantly affected by rTBl only and yet
less so if rTBI flies were cooled.

CONCLUSIONS: Hypothermia successfully mitigated many deleterious effects of single TBI and rTBI in Drosophila and may represent a

promising breakthrough in the treatment of human TBI.
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Introduction
Traumatic brain injury (TBI) is a major public health concern
and a leading international cause of morbidity and mortality.!
In the United States, approximately 1.6 million to 3.8 million
sports-related TBIs occur on a yearly basis.? The prevalence of
TBI among returning military service members ranges from
15.2% to 22.8%, affecting as many as 320000 troops.3
Concussion is the most common form of acute TBI in high-
impact sports and military settings and is frequently referred to
as mild TBI (mTBI). Acute concussion does not usually cause
any identifiable abnormalities on magnetic resonance imaging
(MRI) or computerized tomography (CT) scans and is diag-
nosed based on symptoms such as headache, dizziness, cogni-
tive dysfunction, mood, and sleep problems. About 80% to 90%
of concussions usually resolve in 7 to 10 days, but the recovery
time for young children is longer.?

It is now recognized that recurrent episodes of even mTBI
in contact sports can lead to neurodegenerative changes and

culminate into a devastating condition called chronic trau-
matic encephalopathy (CTE). This condition is characterized
by loss of balance, slower movements, tremors, and behavioral
disturbances including mood swings, aggression, and even
suicide.* A study of deceased football players found the pres-
ence of CTE in 87% of the sample.’ Chronic traumatic
encephalopathy is characterized by brain atrophy, extensive
tau-immunoreactive neurofibrillary tangles, astrocytic tan-
gles, spindle-shaped neurites throughout the brain, and
marked accumulation of tau-immunoreactive astrocytes.® A
recent study reported that even hits to the brain not severe
enough to cause a concussion can lead to pathologic changes
in the brain associated with CTE.” Despite the well-recog-
nized, devastating impact of TBI, no effective strategy exists
to treat such disorders or to decrease the risk of long-term
neurologic consequences.

One factor that has been shown to worsen the effects of
TBI is hyperthermia or increased body temperature.® Early
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Figure 1. The HIT device was used to inflict TBI in the flies. The image
shows the HIT deflected to 90° before a strike. HIT indicates high-impact
trauma; TBI, traumatic brain injury.

fever is common after human TBI and is associated with more
severe clinical presentation and with the presence of diffuse
axonal injury, cerebral edema, and inflammation.” Hyperthermia
increases metabolic expenditure, glutamate release, and inflam-
matory activity that may further exacerbate neuronal damage.!?
If hyperthermia is known to exacerbate the consequences of
TBI, could there be a therapeutic role for mild hypothermia to
mitigate some of those effects? Theoretically, hypothermia
should mitigate the toxic effects of trauma which include exci-
totoxicity, free radical-induced alterations, inflammatory
events,and disruption of the blood-brain barrier.!! Hypothermia
has been shown to inhibit apoptotic cell death after TBI by
modulation of secondary cellular mediators, as well as decrease
inflammatory mediators and also diminish glutamate uptake
by neurons thereby attenuating excitotoxicity.!! Studies have
been conducted to determine the utility of hypothermia in
severe TBI patients, but they possess conflicting results.!?
However, this question has not been formally studied in any of
the groups at high risk for recurrent TBI (*TBI), which can
lead to CTE.

The main purpose of this project was to create an animal
model of single TBI and rT'BI, using Drosophila melanogaster,
and determine whether therapeutic hypothermia (or body
cooling) can successfully mitigate the negative short- and
long-term effects of TBI on the organism. This study used a
“high-impact trauma” (HIT) device to inflict TBI on the flies
using a previously described protocol.!3 Just as other human
neurodegenerative disorders, TBI has been modeled in
Drosophila and it was found that fundamental characteristics
of human TBI also occur in flies.’®* The fly and human
brain have similar structural and molecular features and the
fly cuticle, like the human cranium, is relatively inflexible
and protects the fly brain from environmental insults.
Furthermore, using flies has already provided novel insights

into neurodegeneration, memory, and sleep, all of which are
also affected in human TBI.1>-17

If temperature control could improve mTBI outcomes or
lessen the likelihood of CTE from rTBI, then it is crucial that
we study this intervention systematically, and using an animal
model would be a first step in this major initiative. Drosophila,
being ectotherms, cannot endogenously regulate body temper-
ature and essentially take on the temperature of their environ-
ments as long as this is physiologically permissible.!® Prior
research has shown that hypothermia or cooling Drosophila to
17°C has a protective effect on brain potassium homeostasis
during repetitive anoxia.!” Cold temperature has also been
shown to improve mobility and survival in Drosophila models
of autosomal-dominant hereditary spastic paraplegia.?’

In this study, we hypothesized that (1) single TBI or con-
cussion and rTBI will lead to a measurable negative impact on
Drosophila melanogaster’s (a) life span, (b) response to sedatives,
and (c) behavioral responses to light and gravity and (2) thera-
peutic hypothermia will mitigate the deleterious effects of sin-
gle TBI and rT'BL

Hypothermia is a well-established intervention for certain
types of hypoxic-ischemic injury in humans. If therapeutic
hypothermia can successfully mitigate the deleterious effects
of single TBI and rTBI in an animal model, then this could
have tremendous implications for the treatment of human

TBI as well.

Methods and Materials

Flies were obtained from Carolina Biological Company (wild-
type, Oregon R strain Drosophila). Flies were maintained on
formula 4-24® Instant Drosophila Blue Medium, also
obtained from Carolina Biological, at 25°C unless otherwise
stated. As previously developed by Katzenberger and col-
leagues, a fly model of TBI was created by inflicting mechani-
cal injury on flies using rapid acceleration and deceleration
forces.!® This produces outcomes that are similar to those of
closed head TBI in humans.’® A HIT device was constructed,
consisting of a metal spring clamped at one end to a wooden
board with the free end positioned over a polyurethane pad
(Figure 1). When the spring is deflected and released, the vial
contacts the pad and the flies contact the vial and rebound,
providing a model of TBI. The degree of injury can be adjusted
by changing the extent of the deflection or by varying the
number of strikes.

Katzenberger and colleagues showed that deflection of the
spring to 90° resulted in an impact velocity of ~3.0m/s
(6.7miles/h) and an average force of 2.5N. Those flies sub-
jected to a single strike with the spring deflected to 90° became
temporarily incapacitated and fell to the bottom of the vial;
however, there was no obvious external damage to the head,
body, or appendages. During the first minute after a strike,
8.8% = 3.8% of flies were incapacitated, but most of these flies

recovered locomotor activity within 5 minutes, as measured by
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Table 1. Experimental design.

EXPERIMENTAL GROUPS OUTCOMES

e Controls e Lifespan

e Concussion o Fertility

e Concussion +hypothermia  ® Response to sedative
— Time to loss of

consciousness

e (TBI e Behavior
— Phototaxis
— Negative geotaxis

e TBI+ hypothermia

Abbreviation: rTBI, recurrent traumatic brain injury.

climbing ability. Although mobility was reduced, it gradually
returned over a 2-day period. The immediate loss of motor
ability, followed by ataxia and gradual recovery of mobility were
reminiscent of concussion in humans and consistent with
the idea that the HIT device inflicts brain injury in flies.’3
We observed a very similar response to single TBI in our
experiment.

Traumatic injury and hypothermia

A deflection angle of 90° was used to simulate a concussion. To
model rT'BI (which possibly leads to CTE), a total of 4 hits
were applied over a 48-hour period, with hits on a given day
being 10hours apart. Moderate hypothermia in human trials
was considered to be between 32°C and 34.5°C, which is
approximately 1° to 5° lower than normal human body tem-
perature. Therefore, our goal was to change the fly’s environ-
mental temperature to 5° to 6° below its baseline. Hypothermia
was induced for 3 minutes, in a refrigerator, at temperature of
16°C similar to prior experiments testing hypothermia effects
on Drosophila. In the rTBI cohorts, flies were immediately
cooled after each individual hit.

A 1-day recovery period was allowed after concussion or
rI'BI, prior to starting the behavioral assays. The Katzenberger
model of TBI showed that primary injuries cause death within
24hours only if the injuries exceed a specific threshold. In
addition, death from primary injuries was complete after
24hours because the percent survival at 24 hours was not sub-
stantially different from the percent survival at 48 hours. Our
experiment involved 5 experimental groups and 3 types of out-
comes were measured (Table 1).

Longevity

Twenty to 30 adult flies were placed in each of 3 vials, per con-
dition. Flies were transferred to new vials every 3 days to avoid
including their offspring in the longevity count. Flies were
counted daily and number of dead flies, number of living flies,
and the percentage of surviving flies were recorded.

LIGHT-DARK BOX GEOTAXIS

Assay time in light and
number of transitions

Figure 2. The light-dark assay counts the number of flies in light and
dark segments of the box, after TBI. Geotaxis assay involves tapping flies
to bottom of the vial and counting how many flies reach the dashed line in
10seconds. TBI indicates traumatic brain injury.2!

Response to sedative

Approximately 20 to 30 flies were placed in a vial and time (in
seconds) for each fly to be fully sedated after exposure to
FlyNap (anesthetic) was noted. Three vials were used for each
condition studied. Full sedation was assumed when all move-
ment of wings and appendages ceased.

Behavioral assays—phototaxis and negative
geotaxis

We used the behavioral assays previously established and
described (Figure 2).*' Negative geotaxis is defined as the
motion in response to the force of gravity. Flies placed in a vial
were given 10 seconds to demonstrate negative geotaxis by
migrating upward to a line 2inches below the vial lid. Number
of flies above the demarcated line, at 10 seconds, was recorded.

Phototaxis represents the fly’s natural affinity to migrate
toward light. Concussed flies are theoretically expected to devi-
ate from this normal reflexive behavior and avoid light. A
light-dark box was created using a plastic container covered
with clear plastic wrap punctured with holes for adequate ven-
tilation. Half of the box was covered with opaque black mate-
rial and the other half remained open to light. Flies were
released into the light-dark box and percentage of flies in each
section at the end of 10 minutes was noted. Both response to
sedative as well as the behavioral assays required the use of an
iPhone video to record position and behavior of flies, corre-
sponding to the needs of the assay.

For the longevity outcome, data were tabulated and graphed
on survival curves using Microsoft Excel. Mean time for seda-
tion was calculated, as well as standard errors. In addition,
group differences were analyzed using the ANOVA single fac-
tor analysis tool, in google sheets. For the phototaxis and nega-
tive geotaxis assays, chi-square statistical tests were used. Risk
ratio (RR) or relative risk is the ratio of the probability of an
outcome for an exposed group to the probability of an outcome
for the unexposed group. The relative risks to control were cal-
culated using a chi-square test. The MedCalc software was
used for this calculation. Together with risk difference and
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Figure 3. (A) The percent surviving flies, after a single TBI, is graphed vs time. Only flies that survived 24 hours after treatment were included in the
analysis. (B) The percent surviving flies, after a recurrent TBI, is graphed vs time. Only flies that survived 24 hours after treatment were included in the

analysis. TBI indicates traumatic brain injury.

odds ratio, RR measures the association between the exposure
and the outcome.

Both male and female flies were used for each assay, and
experiments were not conducted on samples of either sex alone.

Results
A successful animal model of concussion and rTBI was created
using Drosophila melanogaster and the HIT device.

Longevity

Survival curve analysis showed that rTBI decreased Drosophila
lifespan, and hypothermia could successfully mitigate this
impact (Figure 3B). The effect on lifespan was not as pro-
nounced for mild TBI or concussion (see Figure 3A). Mortality
Index at 24hours (M1,,) was calculated as the percentage of
flies that survived 24 hours after injury. Figure 4 shows that

concussion did not cause any appreciable decrease in the MI,,,
while rTBI did significantly decrease the mortality index.

Time to sedate

Average time to sedate for control vs concussion vs concussed
hypothermia was 78, 52, and 61seconds, respectively
(P<.0001). Similarly, the CTE vs CTE/hypothermia groups
took 43 and 59 seconds (P<.0001) (Figure 5). However, a post
hoc Tukey test showed that among the concussed flies, there
was no significant difference between the concussion and con-
cussed hypothermia groups (P=.193).

Phototaxis and geotaxis assays

Concussed flies preferred dark environments compared with
control flies with a RR of 3.3 (P<.01), while flies who were
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Figure 4. The percentage of flies that were surviving at 24 hours after injury or Ml,, is demonstrated for all 5 experimental groups. The TBI groups are
shown in red and the TBI + cooling groups are depicted in blue. Figure 4 shows that concussion did not cause any appreciable decrease in the Ml,,, while
rTBI did significantly decrease the mortality index. Ml,, indicates Mortality Index at 24 hours; TBI, traumatic brain injury.
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Figure 5. Time taken for complete sedation after single and recurrent TBI is significantly less than in controls. Hypothermia mitigates this effect in both
single and rTBI groups. rTBI indicates recurrent traumatic brain injury; TBI, traumatic brain injury.

concussed and cooled had a RR of 2.0 (P<.01). Flies with
rTBI were almost 4 times likely (RR 3.83; P<<.01) to prefer
the dark environment but only about 3 times as likely (RR
2.93; P<.05) if they were cooled (Table 2). Figure 6 demon-
strates the percentage of flies that prefer a dark vs light envi-
ronment, and among both TBI groups, most flies prefer a dark
environment. When these groups receive therapeutic hypo-
thermia soon after their injury, more individuals can retain
their normal affinity for light.

Geotaxis was not significantly impaired by concussion, but
it was negatively affected by rTBI (RR 6.4, P<<.01) and yet
less so if rTBI flies were cooled (RR 5.8, P<<.01) (Table 3).
Figure 7 indicates the percentage of flies with impaired geo-
taxis for the various groups and we see that rTBI, but not

concussion, caused a greater percentage of flies to have
impaired geotaxis compared with the controls.

Discussion

The main purpose of this project was to create an animal model
of TBI (both single and recurrent) using Drosophila mela-
nogaster and determine whether therapeutic hypothermia (or
body cooling) can successfully mitigate the deleterious short-
and long-term effects of TBI on the organism. This study, like
prior research models, highlights the feasibility of using
Drosophila to model traumatic brain injuries.’®!* The hypoth-
eses presented here were partially confirmed. Recurrent TBI
negatively affected lifespan, time to sedate, phototaxis, and
geotaxis. Concussion negatively influenced time to sedate and
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Table 2. Proportion of flies with light avoidance reaction in light/dark box.

TYPE OF INJURY N/TO (%) RELATIVE RISK TO RELATIVE RISK TO

CONTROL (95% Cl) HYPOTHERMIA (95% ClI)
None/control 417 1.00 NA NA NA
Concussion 20/26 3.27 (1.35-7.90) .008 1.230 (0.84-1.79) .270
Concussion + hypothermia 15/24 2.65 (1.07-6.60) .030
TBI 28/31 3.83 (1.62-9.11) .002 1.395 (1.06-1.85) .016
fTBI + hypothermia 22/32 2.93 (1.20-7.10) 018

Abbreviations: Cl, confidence interval; rTBI, recurrent traumatic brain injury.
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Percentage of Flies
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Figure 6. This figure demonstrates the percentage of flies that prefer a dark vs light environment, and among both TBI groups, most flies prefer a dark
environment. When these groups receive therapeutic hypothermia soon after their injury, more individuals can retain their normal affinity for light. TBI
indicates traumatic brain injury.

Table 3. Proportion of flies with impaired geotaxis by type of injury.

TYPE OF INJURY N/TH L (%) RELATIVE RISK RELATIVE RISK TO

TO CONTROL HYPOTHERMIA
None/control 5/31 1.00 NA NA NA
Concussion 11/40 1.98 16 1.38 .39
Concussion + hypothermia 10/54 1.44 46
[TBI 53/60 6.36 P < 0001 1.09 32
fTBI + hypothermia 36/44 5.83 P <.0001

Abbreviation: rTBI, recurrent traumatic brain injury.

phototaxis only. Remarkably, therapeutic hypothermia signifi- Traumatic brain injury and lifespan
cantly reduced the deleterious effects of rTBI on lifespan, of
concussion and rTBI on time to complete sedation, and rTBI Concussed flies showed a trend toward shorter lifespan, but this
on phototaxis. Positive effects of hypothermia were likely due

to its ability to decrease inflammation, excitotoxicity, and cell
death.11 neurologic manifestations, CTE is diagnosed with certainty only

did not persist across the length of the study. A subpopulation of
flies experienced more than a mild TBI. Despite well-described
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Figure 7. Indicated above is the percentage of flies with impaired geotaxis for the various groups. We can see that rTBI, but not concussion, caused a
greater percentage of flies to have impaired geotaxis compared with the controls. Hypothermia caused minimal improvement in this impairment.

by neuropathological examination of brain tissue. Thus, no
human studies have formally examined its impact on lifespan. In
this project, rTBI decreased the median lifespan of flies by 77%
and in comparison, by only 42%, when therapeutic hypothermia
was applied after each hit. This work demonstrates, for the first
time, that hypothermia can be a potential treatment for rTBI
and may thereby prevent progression to CTE.

Traumatic brain injury and time to sedate

Not only rT'BI but also concussion caused a significant decline
in time required to sedate Drosophila. Thus, even a single TBI
can dampen the brain’s arousal and alerting mechanisms such
that it succumbs to anesthetics much more readily. Hypothermia
successfully mitigated this effect among both concussed and

rTBI flies.

Traumatic brain injury and reflex behaviors

Light sensitivity is a well-established symptom of concussion
and both TBI groups avoided light. Hypothermia successfully
mitigated this light aversion to some degree in the rTBI flies,
but did not reach statistical significance in the concussed organ-
isms perhaps due to a smaller sample size in the latter. Negative
geotaxis is a validated behavioral assay and shown to be impaired
among flies with neurodegenerative processes such as Alzheimer
and Parkinson disease, as well as flies with CTE.'4?2 This pro-
ject confirmed these findings and also demonstrated a modest
reduction in impaired geotaxis among the rI'BI flies who had
received therapeutic hypothermia after each hit. Concussed flies
did not demonstrate altered geotaxis. Negative geotaxis repre-
sents the fly’s innate escape response and is likely a primitive
and well-preserved reflex mediated by deeper brain structures,
which are not affected by a single TBI alone.

Hypothermia can exert its beneficial effect after TBI
through several different mechanisms including inhibition
of apoptotic cell death, modulation of the inflammatory
response that occurs after TBI, anti-oxidative stress, block-
ade of excitotoxic mechanisms, and attenuation of blood-
brain-barrier permeability." Hypothermiaiswell-established
as an intervention in certain types of neonatal hypoxic-
ischemic injury.?3 Future research is essential to elucidate
the role hypothermia may play in single and recurrent
human TBI and specifically regarding its timing, intensity,
and duration.

Strengths and limitations

These findings are extremely exciting and demonstrate, for
the first time, that we can use hypothermia to mitigate the dev-
astating consequences of concussion and rI'BI. This pilot study
used relatively small numbers of flies. The study did not include
an evaluation of neuropathologic correlations and therefore we
could not definitively establish the presence of CTE in our
rT'BI flies. Future work should analyze the corresponding neu-
ropathological changes associated with these phenotypic
effects, so that we can better elucidate the neural mechanisms
of TBI and the pathways by which hypothermia protects the
brain from consequences of TBI. Also, the effect of hypother-
mia on flies without TBI is unknown and must be evaluated in
future studies.

In Drosophila melanogaster, hypothermia can successfully
mitigate many deleterious effects of concussion and rI'Bl
measured by longevity, response to sedative, phototaxis, and
geotaxis. Thus, hypothermia may represent a promising break-
through in the treatment of human TBI as well. Future studies
in larger animal models as well as humans are imperative so
that we may stay ahead of the hit.
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